Fibroblast growth factor-23 (FGF23) is a bone-derived hormone, suppressing renal phosphate reabsorption and vitamin D hormone synthesis in proximal tubules, and stimulating calcium reabsorption in distal tubules of the kidney. Here, we analyzed the long term sequelae of deficient Fgf23 signaling on bone and mineral metabolism in 9-month-old mice lacking both Fgf23 or Klotho and a functioning vitamin D receptor (VDR). To prevent hypocalcemia in VDR deficient mice, all mice were kept on a rescue diet enriched with calcium, phosphate, and lactose. VDR mutants were normocalcemic and normophosphatemic, and had normal tibial bone mineral density. Relative to VDR mutants, Fgf23/VDR and Klotho/VDR compound mutants were characterized by hypocalcemia, hyperphosphatemia, and very high serum parathyroid hormone (PTH). Despite~10-fold higher serum PTH levels in compound mutants, urinary excretion of phosphate and calcium as well as osteoclast numbers in bone remained unchanged relative to VDR mutants. The increase in plasma cAMP after hPTH(1e34) injection was similar in all genotypes. However, a 5-day infusion of hPTH(1e34) via osmotic minipumps resulted in reduced phosphorylation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) in bone and kidney of Fgf23/ VDR and Klotho/VDR compound mutants, relative to VDR and WT controls. Similarly, the PTH-mediated ERK1/2 phosphorylation was reduced in primary osteoblasts isolated from Fgf23 and Klotho deficient mice, but was restored by concomitant treatment with recombinant FGF23. Collectively, our data indicate that the phosphaturic, calcium-conserving, and bone resorption-stimulating actions of PTH are blunted by Fgf23 or Klotho deficiency. Hence, FGF23 may be an important modulator of PTH signaling in bone and kidney.
Introduction
FGF23 is a bone-derived hormone secreted by osteoblasts and osteocytes in response to vitamin D and increased phosphate (Saito et al., 2005) . FGF23 is primarily a phosphaturic hormone, suppressing apical membrane abundance of type IIa sodiumphosphate cotransporters (NaPi-2a) in proximal renal tubules (Shimada et al., 2001 (Shimada et al., , 2004a (Shimada et al., , 2004c Larsson et al., 2004) by signaling through FGF receptors and the co-receptor Klotho (Urakawa et al., 2006) . Excessive circulating concentrations of intact FGF23 lead to phosphate-wasting disorders such as tumorinduced osteomalacia (TIO), autosomal dominant hypophosphatemic rickets (ADHR), autosomal recessive hypophosphatemic rickets (ARHR), or X-linked hypophosphatemic rickets (XLH) (The ADHR Consortium, 2000; Baroncelli et al., 2012) . In addition, FGF23 suppresses renal 1a-hydroxylase expression, and, thus, production of the vitamin D hormone 1a,25-dihydroxyvitamin D 3 [1,25(OH) 2 D 3 ] in renal proximal tubules (Shimada et al., 2001; Shimada et al., 2004a Shimada et al., , 2004c Larsson et al., 2004) . The FGF23-mediated suppression of renal 1a-hydroxylase is a physiologically essential process, because loss of FGF23 or Klotho function in humans and mice leads to unleashed production of 1,25(OH) 2 D 3 with subsequent hypercalcemia, hyperphosphatemia, and soft tissue calcifications (Shimada et al., 2004b; Sitara et al., 2004; Ichikawa et al., 2007) . It is likely that the inadequately high circulating 1,25(OH) 2 D 3 levels caused by loss of function of FGF23 or Klotho are not detrimental per se, but that the actual toxicity is rather primarily mediated by the vitamin D hormone-induced hyperphosphatemia and hypercalcemia. As a consequence of hypercalcemia, hyperphosphatemia, and ectopic calcifications, Fgf23 À/À and Klotho À/À mice develop a premature aging-like syndrome and die early, a phenotype which can be rescued by genetically disrupting vitamin D signaling (Hesse et al., 2007; Anour et al., 2012; Streicher et al., 2012) . The molecular mechanism of the phosphaturic effect of FGF23 involves the following signaling cascade : by signaling through the FGFR1c/Klotho receptor complex, FGF23 leads to activation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) and serum/glucocorticoid-regulated kinase 1 (SGK1) in proximal renal tubules which in turn leads to internalization and degradation of the NaPi-2a/NHERF-1 (Na þ /H þ Exchanger Regulatory Factor) complex by phosphorylation of the anchoring protein NHERF-1 (Weinman et al., 2011) . Decreased apical membrane abundance of NaPi-2a reduces phosphate re-uptake in proximal tubules, forming the basis for the phosphaturic effect of FGF23. Furthermore, we recently discovered that FGF23 signaling in distal renal tubules upregulates membrane expression of the epithelial calcium channel transient receptor potential vanilloid-5 (TRPV5) and of the Na þ :Cl co-transporter (NCC) by a Klotho-dependent signaling cascade involving ERK1/2, SGK1, and with-no lysine kinase-4 (WNK4) (Andrukhova et al., 2014a (Andrukhova et al., , 2014b . Hence, FGF23 is not only a phosphaturic, but also a calcium-and sodiumconserving hormone. This finding was recently confirmed in conditional knockout mice: mice in which distal tubular Fgf23 signaling was blocked by a specific deletion of Fgfr1 in distal renal tubules were characterized by renal calcium wasting (Han et al., 2016) .
Interestingly, the other major phosphaturic hormone, parathyroid hormone (PTH), also combines phosphaturic with calciumconserving functions in the kidney, and, similar to FGF23, targets NHERF-1 in proximal and TRPV5 in distal tubules. PTH signals through the G-protein coupled PTH receptor 1 (PTHR1), resulting in increased intracellular cAMP with subsequent activation of PKA, PKC, and ERK1/2 pathways. In proximal renal tubules, PTH increases phosphate excretion by reducing apical membrane abundance of NaPi-2a and NaPi-2c by PKA-and PKC-mediated phosphorylation of NHERF-1 (Cole, 1999; Lederer et al., 2000; Bacic et al., 2003; Weinman et al., 2007) . In distal renal tubules, PTH increases TRPV5-mediated calcium reabsorption by PKA-mediated phosphorylation and activation of TRPV5, and by probably ERK1/2-mediated increase in Trpv5 transcription de Groot et al., 2009 ). In bone, increased endogenous PTH secretion stimulates osteoclastic bone resorption by upregulating the expression of RANKL (receptor activator of nuclear factor kB ligand) in osteoblastic cells through a PKA-, PKC-, and ERK1/2-mediated pathway.
The similarities between FGF23 and PTH signaling led us to hypothesize that both signaling pathways might interact in the kidney. To test this hypothesis, we crossed Fgf23 and Klotho deficient mice with mice expressing a nonfunctioning VDR (VDR D/D ), and analyzed mineral homeostasis in 9-month-old Fgf23 characterized by severe secondary hyperparathyroidism (sHPT) together with partial renal and skeletal resistance to PTH. Further in vivo and in vitro experiments revealed that FGF23 has a permissive role for the actions of PTH in bone and kidney, i.e., the biological effects of PTH were partially blunted in the absence of Fgf23 signaling.
Materials and methods

Animals
Heterozygous VDR þ/D mutant mice (Hesse et al., 2007) and Sitara et al., 2004) 
Genotyping of the mice was performed by multiplex PCR using genomic DNA extracted from tail as described (Hesse et al., 2007; Anour et al., 2012) . The mice were kept at 24 C with a 12 h/12 h light/dark cycle, and were allowed free access to a normal rodent chow or the rescue diet and tap water. The rescue diet (Ssniff, Soest, Germany) containing 2.0% calcium, 1.25% phosphorus, 20% lactose and 600 IU vitamin D/kg was fed starting from 16 days of age. This diet has been shown to normalize mineral homeostasis in VDRablated mice (Li et al., 1998; Erben et al., 2002; Zeitz et al., 2003) . All in vivo experiments were performed on 9e or 3-month-old male offspring of double heterozygous x double heterozygous matings. All animals were subcutaneously injected with calcein (SigmaAldrich, 20 mg/kg) on days 6 and 4 prior to necropsy. Urine was collected in metabolic cages before necropsy. At necropsy, 100 ml blood was collected from the retroorbital venous plexus into heparinized capillaries under anesthesia with ketamine/xylazine (67/ 7 mg/kg i.p.) for the measurement of ionized blood calcium. Immediately thereafter, the mice were exsanguinated from the abdominal V. cava for serum collection. In addition, 4-week-old male WT, Fgf23 À/À and Klotho À/À mutants were used for experiments with kidney slices and isolation of primary osteoblasts. All animal procedures were approved by the Ethical Committees of the University of Veterinary Medicine Vienna and the local government authorities.
Serum and urine biochemistry
Blood ionized calcium was measured with an AVL 9140 electrolyte analyzer (Roche Diagnostics). Serum and urinary calcium, phosphorus, and creatinine were analyzed on a Cobas c111 analyzer (Roche). Renal tubular reabsorption of calcium (TRCa) was calculated according to the formula %TRCa ¼ [1-(UrCa Â SeCrea)/ (SeCa Â UrCrea)]*100 (Ur, urinary; Se, serum; P, phosphorus; Crea, creatinine; Ca, calcium). Serum intact PTH was determined by ELISA (Immutopics). The intra-assay coefficient of variability (CV) for the PTH ELISA was 6.8%. cAMP was measured by radioimmunoassay (Biocompare). Serum Fgf23 was determined by ELISA (Kainos). Intra-assay CV for the Fgf23 ELISA was 7.9%. Total urinary excretion of the collagen crosslink deoxypyridinoline was measured by ELISA after acid hydrolysis (MicroVue DPD EIA kit, Quidel), and expressed per urinary creatinine concentration.
PTH-induced plasma and urinary cAMP increase
Evaluation of the PTH response by the measurement of plasma and urinary cAMP levels was performed as described (Turan et al., 2014) . Mice were injected subcutaneously with 40 mg/kg hPTH(1e34) (Bachem). Blood was collected into EDTA tubes at 0, 10, 20, 30, 40 and 60 min, and spontaneous urine was collected at 0, 10, 30, 60, 90 and 120 min after PTH injection for cAMP measurement.
Continuous PTH treatment
Continuous PTH administration was performed in male 3- According to the manufacturer's guidelines, the pumps were implanted subcutaneously over the neck of mice under general ketamine/xylazine anesthesia (100/3 mg/kg). After implantation of the pumps, animals were individually housed, given free access to water and on a 12-h light/12-h dark cycle for 5 days. Some mice were additionally once daily subcutaneously injected with 10 mg human FGF23 R176/179Q (rFGF23, kindly provided by Amgen Inc., Thousand Oaks, CA, USA) per mouse for 5 days, and were killed 8e12 h after the last injection. At necropsy, serum, bone, and kidney samples were collected and stored at À80 C until analyzed.
Histology
For histological analysis, parathyroid glands, kidneys, and bones were fixed in 4% paraformaldehyde (PFA) overnight. Paraffin embedding, sectioning at 5 mm, and haematoxylin/eosin staining was carried out according to standard procedures. Processing of bone specimens was performed as described (Erben, 1997) .
Immunohistochemistry
For immunohistochemistry, 5-mm-thick paraffin sections of PFAfixed kidneys were prepared. Dewaxed sections were pretreated with blocking solution, containing 5% normal goat serum in PBS with 0.1% bovine serum albumin and 0.3% Triton X-100 for 60 min. Without rinsing, sections were incubated with polyclonal rabbit anti-TRPV5 (Millipore, 1:500) antibody at 4 C overnight. After washing, sections were incubated for 1.5 h with biotinylated goat anti-rabbit secondary antibodies (Invitrogen, 1:400), followed by incubation with horseradish peroxidase-labeled streptavidin (Vector), and DAB substrate staining. Controls were performed by omitting the primary antibody. The slides were analyzed on a Zeiss Axioskop 2 microscope.
Bone mineral density measurements
Bone mineral density (BMD) of the left femur was measured by peripheral quantitative computed tomography (pQCT) using a XCT Research Mþ pQCT machine (Stratec Medizintechnik). One slice (0.2-mm-thick) in the mid-diaphysis of the tibia, and 3 slices in the proximal tibial metaphysis located 0.5, 1, and 1.5 mm distal to the growth plate were measured. BMD values of the tibial metaphysis were calculated as the mean over 3 slices. A voxel size of 0.070 mm and a threshold of 600 mg/cm 3 were used for calculation of cortical BMD. For the discrimination between trabecular and cortical BMD in the tibial metaphysis, a threshold of 450 mg/cm 3 was used.
Bone histomorphometry
Three-mm-thick midsagittal sections of methylmethacrylateembedded distal femurs were prepared using a HM 360 microtome (Microm, Walldorf, Germany), and were stained with von Kossa/McNeal and for tartrate resistant acid phosphatase (TRACP) enzyme activity as described (Erben, 1997) . For fluorochromebased measurements, undeplasticized and unstained sections were mounted with Fluoromount (Serva, Heidelberg, Germany). Histomorphometric measurements in the distal femur were made using a semiautomatic system (OsteoMeasure, OsteoMetrics, Decatur, GA) and a Zeiss Axioskop microscope with a drawing attachment as described (Schneider et al., 2009 ). The area within 0.25 mm from the growth plate was excluded from the measurements.
Microcomputed tomography (m-CT) analysis
Quantitative microcomputed tomography was performed on tibias stored in 70% ethanol as described previously (Schneider et al., 2012) , using a mCT35 mCT machine (SCANCO Medical AG, Brüttisellen, Switzerland) at a spatial resolution of 7 mm.
Total cell membrane isolation
Mouse kidney cortex was homogenized in a homogenizing buffer [20 mM Tris (pH 7.4/HCl), 5 mM MgCl 2 , 5 mM NaH 2 PO 4 , 1 mM ethylenediaminetetraacetic acid (pH 8.0/NaOH), 80 mM sucrose, 1 mM phenyl-methylsulfonyl fluoride, 10 mg/ml leupeptin, and 10 mg/ml pepstatin] and subsequently centrifuged for 15 min at 4000 g. Supernatants were transferred to a new tube and centrifuged for an additional 30 min at 16,000 g. For Western blotting analysis, samples were dissolved in loading buffer and stored at À80 C until analyzed.
Brush border membrane vesicles (BBMV) preparation
For brush border membrane vesicles (BBMV) preparation, kidney cortices were dissected in ice-cold isolation buffer immediately after being removed from animals, and then homogenized using a PottereElvehjem homogenizer at 4 C. BBMV were prepared using three consecutive magnesium precipitations (15 mM), and solubilized in Laemmli sample buffer for Western blotting. To verify BBMV purity, the activity of the BBM enzyme alkaline phosphatase and leucine aminopeptidase was regularly monitored in BBMV fractions. Protein samples for NaPi-2a Western blotting analysis were collected in lysis buffer.
Isolation of distal and proximal tubular segments
Renal distal and proximal tubules were isolated as reported previously (Andrukhova et al., 2014b ) from 3-month-old male WT, VDR D/D , and Fgf23
À/À
/VDR D/D mutant mice. In brief, murine kidneys were perfused with sterile culture medium (Ham's F12; GIBCO) containing 1 mg/ml collagenase (type II; Sigma) and 1 mg/ml pronase E (type XXV, Sigma) at pH 7.4 and 37 C. The cortical tissue was dissected in small pieces and placed at 37 C in sterile Ham's F12 medium containing 0.5 mg/ml collagenase II and 0.5 mg/ml pronase E for 15 min with vigorous shaking. After centrifugation at 3000 rpm for 4 min, the enzyme-containing solution was removed, and tubules were resuspended in ice-cold medium. Individual proximal and distal tubular segments were identified based on morphology in a dissection microscope at Â25e40 magnification by their appearance and dimensions. To rule out contamination of the preparations, we performed purity and quality controls, using mRNA expression of distal (Trpv5, calbindin 28k) and proximal (NaPi-2a, NaPi-2c) tubule-specific genes .
Kidney slice preparation and ex vivo experiments
For kidney slice preparation, mice were anesthetized with ketamine/xylazine (67/7 mg/kg i.p.), and gradually perfused through the left ventricle with 50 mL of warm (30 C) sucrose/phosphate buffer (140 mM sucrose, 140 mM NaH 2 PO 4 /NaH 2 PO 4 , pH 7.4) for 5 min. Kidneys were rapidly removed, and longitudinal 200-mmthick live slices were prepared using a Leica VT1000 Vibratome (Leica Microsystems). Slices were transferred into pre-warmed serum-free medium for 10 min at 37 C. Thereafter, kidney slices were incubated at 37 C and in 5% CO 2 /95% air humidified atmosphere for 2 h with vehicle (PBS), 100 ng/ml of rFGF23, 100 ng/ml of hPTH (1e34), or 15 nM of PKA inhibitor P6062 (iPKA; Sigma), alone or in combination.
In vitro experiments with proximal and distal tubular segments
In vitro experiments with dissected distal and proximal tubular segments were performed in serum-free, hormonally defined culture medium at 37 C in 5% CO 2 (Andrukhova et al., , 2014b . Tubular segments were incubated with rFGF23 (100 ng/ml) or 10 À8 M hPTH(1e34) (Bachem) alone or in combination for 2 h.
Moreover, to assess the role of ERK1/2 and SGK1, 10 ng/ml of the SGK1 inhibitor GSK 650394 (Axon Medchem) or 10 ng/ml of the ERK1/2 inhibitor PD184352 (Sigma) were used in combination with rFGF23 and hPTH treatments for 2 h. Protein samples for TRPV5 and NaPi-2a Western blotting analysis were collected in lysis buffer.
Osteoblast isolation and in vitro experiments
Mouse femora were harvested, minced, and incubated with digestion medium [a-MEM medium containing 2 mg/ml Type II collagenase (Invitrogen) and 2% Penicillin-Streptomycin] at 37 C in a water bath for 4 h. Bone fragments were washed with PBS and cultured in a-MEM medium supplemented with 2% PenicillinStreptomycin and 10% calf serum (PAA) until 90% confluency. After passaging, 2 Â 10 5 cells per well were treated in serum-free medium with 50e200 ng/ml of hPTH (1e34) and/or 100 ng/ml of rFGF23 for various time periods. After treatment, total cell homogenates were collected for cAMP measurements, RNA analysis, as well as for phosphorylated PKA and ERK1/2 protein analysis, and stored at À80 C.
Western blotting
Kidney cortex homogenates, distal or proximal renal tubule preparations, kidney slices, total cell membrane preparations, or BBMV samples were solubilized in Laemmli sample buffer, fractionated on SDSePAGE (30e50 mg/well) and transferred to a nitrocellulose membrane (Thermo Scientific). For SDSePAGE with tubular segment and kidney slice samples, 15 mg protein per well was used.
Immunoblots were incubated overnight at 4 C with primary antibodies including rabbit anti-TRPV5 (1:500, Alpha Diagnostics, 1:1000), anti-NaPi-2a (1:1,500, generous gift of Drs. Jürg Biber and Heini Murer, University of Zurich), anti-total-ERK1/2 (1:2,000, BD Biosciences), anti-phospho-ERK1/2 (1:1,000, Cell Signaling), antitotal-PKA (1:2,000, tPKA C, Cell Signaling), anti-phospho-PKA (1:1,000, pPKA C (Thr 197), Cell Signaling), anti-PTHR1 (1:1,500, Antikoerper-online), and mouse anti-b-actin (1:5,000, Sigma) in 2% (w/v) bovine serum albumin (BSA, Sigma) in a TBS-T buffer [150 mM NaCl, 10 mM Tris (pH 7.4/HCl), 0.2% (v/v) Tween-20]. After washing, membranes were incubated with horseradish peroxidaseconjugated secondary antibodies (Amersham Life Sciences). Specific signal was visualized by ECL kit (Amersham Life Sciences). The protein bands were quantified by Image Quant 5.0 software (Molecular Dynamics). Loading of the samples was normalized to the Ponceau S stain. The expression levels were normalized to b-actin expression. Expression levels of phospho-ERK1/2 were normalized to total ERK1/2 protein expression.
Co-immunoprecipitation
Kidney cortex homogenate protein samples (1 mg) were incubated with 2 mg of anti-phospho Tre/Tyr/Ser (Millipore) antibody at 4 C overnight. The immune complexes were captured by adding 50 ml Protein A or G agarose/sepharose beads (Santa Cruz Biotechnology) and overnight incubation at 4 C with gentle rocking. The immunoprecipitates were collected by centrifugation at 1000 Â g for 5 min at 4 C and washed 4 times in PBS, each time repeating the centrifugation step. After the final wash, the pellets were suspended in 40 ml of electrophoresis sample buffer and boiled for 2e3 min. Western blot analysis was performed as described above by using a primary anti-TRPV5 antibody.
RNA isolation and quantitative RT-PCR
Shock-frozen tissues were homogenized in TRI Reagent (Molecular Research Center) and total RNA was extracted according to the manufacturer's protocol. RNA purity and quality was determined using a 2100 Bioanalyzer (Agilent Technologies). One mg of RNA was used for first-strand cDNA synthesis (iScript cDNA Synthesis Kit, Bio-Rad). Quantitative RT-PCR was performed on a RotorGene™ 6000 (Corbett Life Science) using the QuantiFast™ EverGreen PCR Kit (Qiagen). A melting curve analysis was done for all assays. Primer sequences are available on request. Efficiencies were examined based on a standard curve. Expression of target genes was normalized to ornithine decarboxlase antizyme-1 (Oaz1) as house-keeping gene.
Statistical analyses
Statistics were computed using SPSS for Windows 17.0. The data were analyzed by 1-way analysis of variance (ANOVA) followed by Student-Newman-Keuls multiple comparison test. P values of less than 0.05 were considered significant. The data are presented as the mean ± SEM.
Results
Fgf23 and Klotho deficiency induce secondary hyperparathyroidism and partial PTH resistance in VDR-ablated mice
To assess the long-term effects of Fgf23 and Klotho deficiency on bone and mineral metabolism in VDR-ablated mice, we analyzed mineral metabolism and the bone phenotype in 9-month-old male wild-type ( mCT, and undecalcified bone histology. The rescue diet largely protected VDR mutants against the development of sHPT. VDR mutants on rescue diet were normocalcemic, normophosphatemic, had parathyroid glands of normal size, normal serum osteocalcin, and unchanged BMD at the femoral shaft and metaphysis, relative to WT controls (Fig. 1AeC) . However, compared with WT mice, VDR mutants on the rescue diet showed non-significantly elevated serum PTH, renal calcium wasting, and had increased urinary collagen crosslink excretion (Fig. 1A) . Renal calcium wasting in VDR mutant mice on rescue diet is a well-known phenomenon caused by decreased expression of distal tubular calbindin D 9k (Erben et al., 2002; Andrukhova et al., 2014b) . In accordance with our earlier reports (Streicher et al., 2012; Andrukhova et al., 2014b) , both Fgf23 Fig. 1A and C) . However, surprisingly, the profoundly increased serum PTH did not correct the renal calcium wasting, the hypocalcemia, or the hyperphosphatemia seen in (Fig. 1B) , they did neither cause cancellous bone osteopenia nor increased osteoclastic bone resorption as evidenced by unchanged or even lower urinary collagen crosslink excretion and osteoclast numbers in femoral cancellous bone, relative to VDR D/D controls ( Fig. 1A and B ). In addition, cancellous bone formation rate was comparable between all genotypes (Fig. 1B) . Hence, Fgf23 and Klotho deficiency appeared to convey at least partial resistance to the renal and skeletal effects of PTH. In order to better characterize the molecular basis for the renal PTH resistance in a downregulation of the luminal membrane expression of NaPi-2a in proximal tubules (Lederer et al., 2000; Cole, 1999) , whereas the calcium-conserving action of PTH is the result of increased transcription and activation of TRPV5 in renal distal tubules (de Groot et al., 2009) . In agreement with the notion that lack of Fgf23 signaling blunts the phosphaturic and calcium-conserving function of PTH, we found increased NaPi-2a protein expression in brush border membrane vesicles ( Fig. 2A and Supplementary Fig. S2 ), and reduced phosphorylation of TRPV5 in protein extracts of kidneys from Fgf23 À/À /VDR D/D and Klotho
À/-
/VDR D/D mice, relative to WT and VDR mutant controls (Fig. 2B) . In contrast, mRNA abundance of TRPV5 was about 5-fold higher in kidneys from Fgf23 À/À /VDR D/D
and Klotho À/-/VDR D/D mice than in VDR D/D controls (Fig. 2C) .
However, the increased transcription of TRPV5 in (Fig. 2D and E) , in line with our earlier report that lack of Fgf23 signaling downregulates apical membrane abundance of TRPV5 in distal renal tubules (Andrukhova et al., 2014b) . These data indicate that the increased serum PTH levels in Fgf23 (1e34) led to an~2-fold increase in plasma cAMP and to an~50-fold increase in urinary cAMP/creatinine levels in all genotypes within 10 min after PTH injection ( Fig. 3A) . Renal Pthr1 mRNA abundance did not differ between the groups, and Pthr1 mRNA abundance in femora of 3-month-old
/VDR D/D mice was actually higher than in WT and VDR control mice (Fig. 3B) . However, PTHR1 protein expression in kidneys and bone was comparable in all genotypes (Fig. 3B) . Moreover, a similar pattern of PTHR1 mRNA and protein expression was observed in kidneys and bones of 9-month-old
/VDR D/D compound mutants (Fig. 3C ). Taken together, these results suggest that a putative interaction between PTH and FGF23 signaling in kidney and bone occurs downstream of PTHR1 and adenylate cyclase. /VDR D/D mice, and monitored plasma cAMP, calcium and phosphorus homeostasis, renal TRPV5 and NaPi-2a expression, as well as renal and skeletal ERK1/2 phosphorylation after 5 days of treatment. It is well known that continuous PTH administration leads to hypercalcemia by increased renal calcium conservation, increased 1,25(OH) 2 D 3 production, and augmented osteoclastic bone resorption (Koh et al., 2005; Li et al., 2007a Li et al., , 2007b Tamasi et al., 2013) . In WT and VDR mutant mice, the 5-day PTH treatment profoundly increased plasma cAMP concentration, induced hypercalcemia and hyperphosphaturia, increased bone resorption, increased renal and skeletal ERK1/2 phosphorylation, increased renal expression of TRPV5, and downregulated renal NaPi-2a expression (Fig. 4AeE) . These results suggest that the calciumconserving and phosphaturic actions of PTH are largely VDRindependent.
In contrast to acute PTH treatment, the increase in plasma cAMP was distinctly lower in days of continuous PTH treatment (Fig. 4A) . The 5-day PTH treatment induced a~3-fold increase in serum intact Fgf23 in WT mice, whereas the PTH-induced rise in circulating Fgf23 was not significant in VDR D/D and Klotho Supplementary  Fig. S1B ), suggesting that intact vitamin D signaling enhances the PTH-induced increase in circulating intact Fgf23 in vivo. In contrast to 9-month-old Klotho Fig. S1A and B) . The latter finding is similar to our earlier report in 4-week-old Klotho Fig. 4B and C) . Furthermore, the PTH-induced upregulation of renal TRPV5 and the PTH-induced downregulation of renal NaPi-2a protein expression were almost completely blunted in these mice ( Fig. 4E and Supplementary Fig. S2 ). Similarly, PTH did not increase ERK1/2 phosphorylation in kidneys or bones of To assess whether the rFGF23-induced restoration of the response to PTH in Fgf23 deficient mice is a direct effect on renal epithelia, and to examine whether the combination of rFGF23 and PTH might have additive or over-additive effects, we isolated proximal and distal tubular segments from WT, VDR D/D , and Fgf23 À/ À /VDR D/D , and treated them with rFGF23 and PTH alone or in combination for 2 h. In agreement with our earlier report that FGF23 regulates distal tubular TRPV5 expression via activation of ERK1/2 and SGK1 (Andrukhova et al., 2014b) , we found that both rFGF23 and PTH, alone or in combination, upregulated the protein expression of TRPV5 in distal tubular segments isolated from WT mice (Fig. 6A) . Co-treatment with an SKG1 inhibitor completely blocked the rFGF23-induced, but not the PTH-induced, increase in TRPV5 expression, whereas co-treatment with an ERK1/2 inhibitor abolished both the rFGF23-and the PTH-induced upregulation of TRPV5 expression (Fig. 6A ). There were no differences between distal tubular segments isolated from WT and VDR mutants, showing that the rFGF23-and PTH-induced regulation of TRPV5 is VDR independent (Fig. 6A) . Similar to our in vivo findings, distal tubular segments isolated from Fgf23 À/À /VDR D/D mutants showed reduced expression of TRPV5 relative to those isolated from WT and VDR D/D mice, and were resistant to the PTH-induced upregulation of TRPV5 expression (Fig. 6A) . This resistance could be overcome by co-treatment with rFGF23 (Fig. 6A) . However, the effects of PTH and rFGF23 were not additive, suggesting that Fgf23 only has a permissive role in the PTH-induced upregulation of TRPV5 protein expression in distal tubules.
In proximal tubular segments isolated from WT and VDR D/D mice, rFGF23 and PTH alone or in combination decreased NaPi-2a protein expression (Fig. 6B and Supplementary Fig. S2 ). Both the rFGF23-and the PTH-induced downregulation of NaPi-2a were inhibited by co-treatment with either SGK1 or ERK1/2 inhibitors. Vehicle-treated proximal tubular segments isolated from Fgf23 (Fig. 6B) . In analogy to the TRPV5 regulation in distal tubules, the PTH-induced downregulation of NaPi-2a was partially blunted in proximal tubular segments isolated from Fgf23 À/À /VDR D/D mutants, and restored by co-treatment with rFGF23 (Fig. 6B ). Similar to distal tubules, we did not see any additive effects of PTH and rFGF23 on the suppression of proximal tubular NaPi-2a expression.
It is known that PTH induces activation of both PKA and PKC in renal epithelia (Bacic et al., 2003) . To investigate the role of PKA in the PTH-and rFGF23-induced changes in renal TRPV5 and NaPi-2a protein abundance, we treated 200-mm-thick live kidney slices from WT, VDR and Fgf23 À/À /VDR D/D mutants with rFGF23 and PTH alone or in combination with a PKA inhibitor. As expected, the PKA inhibitor completely blocked the PTH-but not the rFGF23-induced increase in TRPV5 protein expression (Fig. 6C) . Interestingly, PKA inhibition had no effect on both the PTH-and the rFGF23-induced suppression of NaPi-2a protein expression. Therefore, it is likely that the PTH-induced PKC activation can compensate for PKA inhibition in the regulation of NaPi-2a in this experimental setting. (Sitara et al., 2004; Anour et al., 2012; Murali et al., 2016) . As shown in Fig. 6E and F, the kidney slices from Fgf23 and Klotho null mice did not respond to PTH treatment with an upregulation of TRPV5 and a downregulation of NaPi-2a protein expression ex vivo. Co-administration of rFGF23 rescued the PTH response in kidney slices from Fgf23
mice, but not in those from Klotho À/-mice ( Fig. 6E and F) . The latter finding is in agreement with the notion that the renal effects of FGF23 are Klotho dependent (Andrukhova et al., , 2014b . Taken together, these data demonstrate that the renal PTH resistance in mice lacking Fgf23 signaling is neither caused by lack of vitamin D signaling nor by chronically increased blood levels of PTH.
Our finding that tubular segments and kidney slices isolated from WT mice respond to a single treatment with PTH in the absence of additional administration of FGF23 is difficult to reconcile with the idea that Fgf23 signaling has a permissive function in the renal actions of PTH. Others also found that PTH efficiently downregulates NaPi-2a in vitro under serum-free conditions (Bacic et al., 2003) . To find an explanation for these puzzling findings, we examined renal Fgf23 mRNA and protein expression. In line with earlier reports (Spichtig et al., 2014) , we found expression of Fgf23 at both the mRNA and the protein level in the kidney, albeit at low levels ( Supplementary Fig. S3 ). Therefore, Fgf23 may have auto-/paracrine functions in the kidney, which may explain the partial PTH resistance of Fgf23 deficient tissues in vitro.
In addition, it is likely that a deficiency in Fgf23 signaling conveys partial, but not absolute resistance to the phosphaturic and calcium-conserving actions of PTH in vivo and in vitro. represents the mean ± SEM of 6 mice. * denotes P < 0.05 vs. Veh-treated mice of the same genotype, # denotes P < 0.05 vs. PTH-treated WT and VDR D/D mice, y denotes P < 0.05 vs.
vehicle-treated VDR D/D mice, 1-way ANOVA followed by Student-Newman-Keuls test. To examine whether rFGF23 was able to modulate the effects of PTH on primary osteoblasts in vitro and to find an explanation for the blunted skeletal response to PTH in Klotho /VDR D/D mutant mice after treatment with PTH alone or in combination with rFGF23. Treatment with 50e200 ng/ml PTH increased intracellular cAMP concentration with a similar time course and to a similar extent in osteoblasts of all genotypes (Fig. 7A) . Ten minutes after PTH treatment, when the cAMP response was maximal, the dosedependent PTH-induced increase in phospho-PKA and phospho-ERK1/2 was completely blunted in osteoblasts isolated from Fgf23 À/À /VDR D/D mice, and partially blunted in osteoblasts from (Fig. 7B) . Twenty-four hours after start of treatment, phospho-ERK1/2 abundance was reduced in vehicletreated osteoblasts isolated from Fgf23 À/À /VDR D/D mice, relative to WT and VDR cells (Fig. 7C) . A similar trend was seen in vehicle- (1e34) (100 ng/ml), and/or rFGF23 (100 ng/ml), alone or in combination with a PKA (iPKA) inhibitor for 2 h. (E) Relative TRPV5 protein expression, and (F) relative NaPi-2a protein expression in kidney slices isolated from 4-week-old WT, Fgf23 À/À and Klotho À/À mutant mice, and treated with Veh, hPTH (1e34) (100 ng/ml) and/or rFGF23 (100 ng/ml) for 2 h. Each data point represents the mean ± SEM of 2 separate experiments with 2e3 animals per group. * denotes P < 0.05 vs. Veh-treated segments or kidney slices of the same genotype by 1-way ANOVA followed by Student-Newman-Keuls test.
treated osteoblasts from Klotho (Fig. 7C) . A 24-h PTH treatment increased phospho-ERK1/2 in WT and VDR D/D , but not in Fgf23 À/À /VDR D/D and to a lesser extent in Klotho (Fig. 7C) , whereas rFGF23 treatment increased phospho-ERK1/2 in all genotypes in a Klotho independent manner (Fig. 7C) . Interestingly, co-treatment with PTH and rFGF23 led to an additive or even over-additive increase in phospho-ERK1/2 abundance in osteoblasts, independent of the genotype. In analogy to the changes observed in phospho-ERK1/2 abundance, PTH treatment increased mRNA expression of Rankl and suppressed mRNA expression of Opg in osteoblasts isolated from WT and VDR D/D mice, but not in those isolated from Fgf23 À/À /VDR D/D and Klotho (Fig. 7D) . Co-treatment with PTH and rFGF23 led to an additive increase in Rankl mRNA expression, and to a suppression of Opg mRNA in osteoblasts of all genotypes (Fig. 7D) 
Discussion
The current study has shown that 1) long-term Fgf23 and Klotho deficiency cause severe secondary hyperparathyroidism associated with renal and skeletal PTH resistance in VDR-ablated mice; 2) that Fgf23 signaling is dispensable for the rapid PTH-induced cAMP increase but essential for the responsiveness of kidney and bone to continuous PTH infusion in vivo; 3) that intact Fgf23 signaling is permissive to the PTH-mediated upregulation of TRPV5 expression in distal renal tubules and to the suppression of NaPi-2a membrane expression in proximal renal tubules in vitro; and 4) that FGF23 and PTH have additive effects on activation of ERK1/2 and on the regulation of RANKL and OPG in vitro in osteoblasts.
It is well documented that Fgf23 suppresses PTH secretion in vivo and in vitro (Ben Dov et al., 2007; Olauson et al., 2013) . Therefore, an alternative explanation for our finding of hyperparathyroidism in 9-month-old Fgf23 À/À /VDR D/D mice would be that long-term lack of the suppressive effect of Fgf23 on the parathyroid may induce hyperparathyroidism. However, several sets of observations argue against this notion. First, both 9-month-old /VDR D/D mice. Furthermore, it has been shown in mice with a parathyroid-specific deletion of Klotho that the suppressive effect of recombinant FGF23 on PTH secretion is Klotho independent (Olauson et al., 2013) . Therefore, the similarities between the phenotypes of Fgf23 Second, it has recently been shown that conditional knockout mice with a specific deletion of Fgfr1 in distal tubules also develop calcium wasting and sHPT (Han et al., 2016) , indicating that lack of Fgf23 signaling in the distal nephron induces chronic renal calcium wasting, which in turn drives the counter-regulatory upregulation of PTH secretion. Collectively, these data indicate that the hyperparathyroidism found in Fgf23
mice is sHPT caused by renal calcium wasting and hyperphosphatemia.
In contrast to the current study, we previously reported that Fgf23 is not essential for the bone anabolic and phosphaturic actions of PTH (Yuan et al., 2011) . However, major differences in study design and endpoints may explain this apparent discrepancy. The study by Yuan et al. (2011) was performed in very young 8-day-old mice, and examined the bone anabolic effects of intermittent PTH, whereas the current in vivo experiments were performed in adult 3-to 9-month-old Fgf23 and Klotho deficient mice on a VDR deficient background, and focused on the catabolic effects of continuous PTH. Furthermore, Yuan et al. (2011) found a normal PTHinduced increase in phospho-ERK1/2 in calvarial osteoblasts isolated from Fgf23 and Klotho deficient mice and differentiated for 1 week, whereas in the current study the PTH-induced increase in ERK1/2 phosphorylation was blunted in undifferentiated osteoblasts isolated from femurs of adult Fgf23 (Datta and Abou-Samra, 2009; Poole and Reeve, 2005) . Therefore, in contrast to continuous PTH, the skeletal effects of intermittent PTH may be independent of intact Fgf23 signaling. One of the key questions in the current study is the molecular mechanism of the interaction between PTH and Fgf23 signaling in kidney and bone. A model of this interaction is schematically shown in Fig. 8. FGF23 induces phosphorylation of NHERF-1 by a signaling pathway involving ERK1/2 and SGK1 , whereas PTH signaling leads to phosphorylation of NHERF-1 by activation of PKA and PKC (Bacic et al., 2003) . Phosphorylation of NHERF-1 leads to dissociation, internalization, and degradation of the NaPi-2a/NHERF-1 complex. It is unclear at present why the ability of PTH to downregulate renal NaPi-2a was reduced in the absence of Fgf23 signaling in vivo and in vitro in our study. It is conceivable that FGF23-mediated activation of SGK1 is essential for the PTH-induced internalization of NaPi-2a. SGK1 has been reported to be involved in internalization of membrane proteins in the kidney (Satoh et al., 2015) . As a matter of fact, this notion is supported by our finding that SGK1 inhibition blocked the PTHmediated suppression of NaPi-2a in proximal tubular segments. Another possible explanation may be that Fgf23 signaling results in phosphorylation of specific sites in the NHERF-1 molecule that are necessary for dissociation of the NaPi-2a/NHERF-1 complex, but cannot be phosphorylated by PTH-mediated activation of PKA and PKC alone. In this context, it has been shown that PTH-mediated downstream activation of protein kinases induces cooperative phosphorylation of NHERF-1 at serine-77 and threonine-95 (Weinman et al., 2010) . FGF23 signaling also targets serine-77 in the NHERF-1 molecule (Weinman et al., 2011; Andrukhova et al., 2012) . It is currently not known whether FGF23 signaling targets other phosphorylation sites in NHERF-1. Nevertheless, it is conceivable that cooperative NHERF-1 phosphorylation forms the basis for the observed permissive effect of intact Fgf23 signaling on the phosphaturic actions of PTH. A mutual interaction between PTH and FGF23 signaling in the regulation of renal phosphate reabsorption is also supported by evidence from clinical studies, showing that the phosphaturic action of FGF23 is diminished in patients with hypoparathyroidism (Gupta et al., 2004; Geller et al., 2007; Bhadada et al., 2013) .
In distal renal tubules, PTH-activated cAMP-PKA signaling upregulates TRPV5 transcription, and increases the open probability of the TRPV5 channel by PKA-mediated phosphorylation of threonine-709 in TRPV5 (de Groot et al., 2009 ). In contrast, Fgf23 is an important regulator of membrane transport of TRPV5 via activation of WNK4 (Andrukhova et al., 2014b) . Therefore, it is conceivable that Fgf23 deficiency interferes with the membrane transport of TRPV5 (Fig. 8) , overruling the transcriptional effects of PTH. In line with this idea, it has recently been shown that knockdown of WNK4 attenuated the PTH-mediated activation of TRPV5 in murine DCT15 cells (Hoover et al., 2016) . In addition, WNK4-mediated activation of NCC may also be involved in the PTH-induced upregulation of distal tubular calcium re-uptake (Hoover et al., 2016) . Because FGF23 signaling stimulates WNK4 phosphorylation and increases NCC membrane expression (Andrukhova et al., 2014a) , this model would explain why intact Fgf23 signaling has a permissive function for PTH-mediated upregulation of TRPV5 membrane expression and activation in distal renal tubules.
Klotho expression is low in bone cells (Kuro-o et al., 1997; Miyagawa et al., 2014) . In addition, we recently showed that FGF23 suppresses transcription of alkaline phosphatase by activation of ERK1/2 via a Klotho-independent pathway in osteoblasts (Murali et al., 2016) . In agreement with this finding, rFGF23 induced phosphorylation of ERK1/2 in Klotho deficient osteoblasts in the present study, similar to WT osteoblasts. Therefore, it is surprising that the bone resorption-stimulating effects of endogenous and externally administered PTH were blunted in Klotho À/-/VDR D/D mice, similar to Fgf23
/VDR D/D mutants. We hypothesize that the explanation for this puzzling finding is the reduced basal ERK1/2 activation found in bones (Fig. 4D ) and partially in osteoblasts (Fig. 7C) isolated from Klotho À/-/VDR D/D mice. Although experimental evidence for this hypothesis is currently lacking, it is conceivable that lack of the transmembrane co-receptor Klotho reduces the basal activity of FGFR signaling and subsequently phospho-ERK1/2 concentration in osteoblasts. Transmembrane Klotho, even at low expression levels, may interact with FGFRs to regulate their basal activity in a ligand independent fashion. Because the PTH-mediated increase in ERK1/2 activation is probably a key event in the PTH-induced upregulation of RANKL secretion, basal activity of FGFR signaling may modulate the response to PTH in osteoblasts.
A clinically relevant question is whether increased circulating (rFGF23, 100 ng/ml) for 24 h (E) phospho-ERK1/2 protein abundance in primary osteoblasts isolated from femora of WT, Fgf23 À/À and Klotho À/À mice, and treated with Veh, 100 ng/ ml hPTH(1e34), and/or 100 ng/ml rFGF23 for 24 h. Each data point represents the mean ± SEM of 2 experiments with 3 animals per group each. * denotes P < 0.05 vs. Veh-treated cells, # denotes P < 0.05 vs. PTH-treated cells, y denotes P < 0.05 vs. rFGF23-treated cells of the same genotype, k denotes P < 0.05 vs. WT and VDR D/D cells in C e E by 1-way ANOVA followed by Student-Newman-Keuls test. In proximal renal tubules, blood-borne FGF23 binds to the FGFR1c/Klotho receptor complex, leading to activation of ERK1/2 and SGK1. SGK1 in turn phosphorylates the anchoring protein NHERF-1, which leads to internalization and degradation of the NaPi-2a/ NHERF-1 complex. PTH signals through the G-protein coupled PTH receptor-1 (PTHR), resulting in activation of PKA, PKC, and ERK1/2 pathways which also lead to NHERF-1 phosphorylation. PTH receptor-1 is also expressed in the apical cell membrane in proximal renal tubules, where it activates phospholipase C (PLC) and PKC upon ligand binding, which subsequently induce NHERF-1 phosphorylation (Capuano et al., 2007) . It is likely that FGF23 and PTH signaling interact in proximal tubular epithelium because both signaling pathways target NHERF-1. Molecular details of this interaction are not known. In distal renal tubules, FGF23 activates WNK1/4 signaling. WNK signaling controls membrane trafficking of TRPV5. PTH signaling leads to phosphorylation and activation of TRPV5 by a PKA-mediated process. The permissive role of FGF23 signaling in the PTHinduced regulation of TRPV5 activity and cellular calcium entry may be based on the regulation of the membrane abundance of TRPV5 by FGF23. (B) In osteoblasts, FGF23 and PTH signaling pathways both induce ERK1/2 phosphorylation, resulting in additive effects in the regulation of RANKL and OPG expression. levels of FGF23 might augment the actions of PTH in target tissues. In patients with chronic kidney disease (CKD), serum FGF23 concentrations rise in parallel with the decline in glomerular filtration rate during CKD progression (Gutierrez, 2010; Juppner et al., 2010) . In addition, driven by hyperphosphatemia and reduced production of 1,25(OH) 2 D 3 , sHPT is commonly associated with CKD (LaviMoshayoff et al., 2010) . Therefore, FGF23 and PTH are both elevated in CKD patients, and since both hormones are negatively associated with clinical outcome, a FGF23-mediated enhancement of PTH action would be of major pathophysiological importance. However, our experiments did not reveal any evidence for additive or synergistic effects in the kidney. However, PTH and FGF23 had additive effects on ERK1/2 phosphorylation and RANKL/OPG expression in osteoblasts isolated from femurs of WT and VDR mutant mice. Therefore, based on our in vitro data, it appears possible that PTH and FGF23 positively interact in bone. The question whether gain of FGF23 function sensitizes target tissues to the effects of PTH in vivo needs to be addressed in future experiments.
In conclusion, we found that deficient Fgf23 signaling blunts the phosphaturic and calcium reabsorption-stimulating effects of PTH in the kidney and the resorption-stimulating effects of PTH in bone. It is tempting to speculate that this permissive role of FGF23 for PTH signaling in bone and kidney might also be the deeper biological reason why PTH stimulates FGF23 secretion in bone.
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